Abstract: This study sought to optimize the envelope thermal design of free-running urban residential buildings in Malawi. It specifically set out to improve the urban residential buildings' thermal comfort and suggest optimal envelope thermal design features for these buildings. The research study was primarily dependent on computer simulations in EnergyPlus to replicate the typical Malawian urban residential building's thermal behaviour and then study the impacts of various envelope configurations on the thermal comfort conditions registered in the building. The simulation model was experimentally validated to check its appropriateness to the climatic design conditions prevalent in Malawi and out of the three major cities that were considered, the model was found to be appropriate for use in the two cities of Mzuzu and Lilongwe leaving out the city of Blantyre. The optimization methodology that was employed involved the use of orthogonal arrays, statistical analyses and the listing method. It was found that the optimal envelope thermal design, which registered up to 18% lower discomfort hours than that of the typical urban residential building, consists of a 50 mm concrete floor slab, 230 mm burnt brick walls with an external layer of 19 mm EPS, tiled roof with an internal layer of sarking and 50 mm EPS, double Low-E Glazing with a transparency ratio of 45% and 0.2408 m 2 of adaptable operational surface area for the air bricks. Out of all the envelope features that were studied, air infiltration registered the most significant contribution towards the ultimate residential building thermal performance. It was demonstrated that controlled air infiltration through the use of operable air bricks whose operational surface area is adaptable can be very effective in enhancing the building's comfort levels. It was further observed that excessive insulation of the building envelope generally has a detrimental effect on the indoor space thermal comfort levels.
Introduction
Buildings provide human beings with a means of keeping away elements of the weather from interrupting in their daily livelihoods. Modern technology has significantly enhanced buildings' capabilities in this respect. Over the years, economic transformation in certain parts of the world has made these technological innovations to become increasingly affordable to many building users [1] . It has also raised the building users' comfort requirements of their buildings [1] . Consequently, building energy consumption now tops 20% of all the globally available energy supplies [1] . Against a backdrop of rising anthropogenic Green House Gas (GHG) emissions and rising energy costs, it has become imperative that building designs be optimized for both comfort in use and energy consumption.
In the lowly industrialized countries south of the Sahara, the economic dynamics have not been at the same scale as seen in the developing and developed countries such as China, India, Brazil and others. The uptake of building comfort enhancing technological innovations has been there, but it remains very low and elitist. This is compounded by the limited access to the requisite energy, remains very low and elitist. This is compounded by the limited access to the requisite energy, electricity, which is needed to run these technological innovations. In Malawi, for instance, only about 8% of the entire population have access to the national electricity supply [2] . Nonetheless, the building user living in a lowly industrialized country such as Malawi still needs comfort in a building in much the same way as does a building user living in a developing country such as China. In this context, the building design optimization ought to enhance comfort in the natural climatic conditions through passive design approaches.
The fundamental objective of this study was to optimize the envelope thermal design of freerunning urban residential buildings in Malawi. It specifically sought to improve urban residential buildings thermal comfort and suggest optimal envelope thermal design features for free-running urban residential buildings
Malawi Demographics
Malawi is a country located in South Eastern Africa, bordered by Tanzania, Mozambique and Zambia to the north-east, east-south-west and west respectively. It lies between longitudes 32°51′ E and 35°91′ E and latitudes 9°31′ S and 17°11′ S [2] . Figure 1 shows the geographical location of the country. The proportion of the urbanized population is presently very low at about 16% [5] . However, the country has one of the highest urbanization rates in Africa pegged at 4.2% per annum for the period 2010-2015 [5] . It is projected that by the year 2050, Malawi's urban population will reach up to 32% of the country's population [5] .
The rapid urbanization provides fertile ground for the growth of the building industry with both commercial and residential building construction projects set to be actualized. Commercial building establishments may, almost always, have access to active building environment control, residential buildings on the other hand may not and may thus have to run freely in natural mode. This research work is dedicated to the latter. The proportion of the urbanized population is presently very low at about 16% [5] . However, the country has one of the highest urbanization rates in Africa pegged at 4.2% per annum for the period 2010-2015 [5] . It is projected that by the year 2050, Malawi's urban population will reach up to 32% of the country's population [5] .
The rapid urbanization provides fertile ground for the growth of the building industry with both commercial and residential building construction projects set to be actualized. Commercial building establishments may, almost always, have access to active building environment control, residential buildings on the other hand may not and may thus have to run freely in natural mode. This research work is dedicated to the latter. 
Literature Review

Building Envelope Thermal Design Optimization in Warm Climates
The global climatic zones are summarized in six categories, namely: Polar, Temperate, Arid, Tropical, Mediterranean and Mountains [6] . For the purposes of this work, warm climates include the Arid and the Tropical climatic zones which may also alternatively be classified as Hot-Dry and Warm-Humid respectively. Malawi and most of the lowly industrialized countries south of the Sahara fall under the warm climatic characterization. Hot-Dry climates are characterised by a severe overheating problem, dry air and a large diurnal temperature variation [7] . Warm-Humid climates register smaller diurnal temperature variations and a milder overheating problem which is aggravated by high humidities [7] . A significant amount of research has been undertaken to optimize buildings' envelope thermal design in the warm climates.
Moffiet et al. [8] used a statistical analysis of real data to empirically study the collective effect of wall thermal mass, thermal resistance, building design, season and external air temperature on indoor air temperature. It was found that for moderate climates, the best performing construction/design is one in which insulation and thermal mass arrangements can be dynamically altered to suit weather and season.
Al-Homoud [9] studied the impact of building envelope thermal design, especially the thermal insulation, on the thermal performance of buildings in hot climates. This work was dependent on simulations conducted using EnerWin simulation program and it was observed that proper envelope design can help in reducing air-conditioning system size and energy consumption and also extending the periods of thermal comfort while the building is in free running mode.
Romani et al. [10] developed and validated meta models of residential buildings in Moroccan climatic zones to study the heating and cooling energy needs and perform the building envelope design optimization for purposes of minimizing energy consumption.
Alaidroos and Krarti [11] sought to minimize residential building energy consumption in the Kingdom of Saudi Arabia through the optimization of the building envelope including wall insulation, roof insulation, window area, glazing, shading, and thermal mass. The study used sequential search optimization and genetic algorithms and showed that through the envelope design optimization, substantial energy savings could be achieved.
Lenoir et al. [12] proposed a simulation based methodology using energy flow simulation and GenOpt software to help in optimizing solar shading for thermal and visual comfort constrained on energy consumption in the context of tropical climates.
Ihm and Krarti [13] used a sequential search technique to optimize various aspects of Tunisian residential buildings, including envelope design and HVAC system design to minimize the buildings' life cycle cost and their energy consumption, while maintaining occupants' thermal comfort.
Arumugam et al. [14] studied the optimization of roof insulation for roofs with high albedo coating and radiant barriers in India. Their study showed that the use of cool roofs and radiant barriers diminishes the need for roof insulation.
It is important to note at this point that most of this work has been aimed at maximizing thermal comfort while minimizing building energy consumption in the context of actively controlled thermal environments. There has been very little research in the direction of optimizing the building envelope for thermal comfort in strictly passively controlled building thermal environments. At best, passive design strategies have only been called upon to reduce the thermal loads on the active control systems.
Building Envelope Thermal Design Optimization in Industrialized Countries of the Warm Climatic Zone
The advent of rising environmental awareness, energy costs and building thermal comfort requirements in the industrialized countries has led to the development of a wide range of building codes aimed at regulating various aspects of building construction such as envelope design and HVAC system design with the primary objective of achieving the building thermal comfort in an Buildings 2016, 6, 13 4 of 32 energy efficient manner. These codes have been promulgated at both a regional and country-specific levels. In the industrialized countries located in the warm climatic zone, much of the building energy consumption is attributed to space cooling. The Cooling Degree Days for temperatures above 18˝C are in excess of 1000 annually. The IEA [15] notes that energy efficiency requirements in building codes can help to ensure that concern is taken for energy efficiency at the design phase, where there is a huge potential for massive energy saving in new buildings.
As a general pattern, envelope thermal design codes are set based on resistance to heat transmittance through a unit of the construction known as the R-Value or the heat transmittance through the same unit known as the U-Value. In cold climates, low U-values or high R-values prevent heat from escaping from the building while in hot climates, they prevent the heat from entering [15] .
In Singapore, the envelope thermal design is addressed in the code for environmental sustainability of buildings whose general objective is to achieve broader environmental sustainability through the moderation of buildings' impact on the environment [16] . The thermal performance of a residential building envelope is evaluated on the basis of the Residential Envelope Transmittance Value (RETV) which is constrained to a maximum value of 25 W/m 2 to minimize heat gain and thus reduce the overall cooling load. The code also specifies suitable orientation for buildings and window openings, amounts of sun shading, minimum U-values for building components and accordingly distributes the responsibilities to the requisite professionals.
The New Zealand Building Code regulates the envelope thermal design in New Zealand [17] . It seeks to facilitate energy efficient use in buildings and thus requires all building envelopes to be constructed in a way that provides adequate thermal resistance and limits uncontrollable airflow. It specifically addresses the thermal mass of building elements, the building orientation and shape, the airtightness of the envelope, local climate, heat gains from services, processes and occupants, heat gains from solar radiation and sets the minimum thermal properties for building components such as R-Values.
In the ARAB countries, envelope thermal design is guided by the building energy efficiency regulations which take either form of being mandatory or voluntary [18, 19] . Their scope of application is wide covering several building types [18] . The building envelope thermal resistance values are set to a minimum prescription. In the United Arab Emirates for instance, the code specifies minimum Envelope Performance Requirements evaluated based on thermal transmittance and shading coefficients [20] .
Optimization of the building envelope thermal design based on the provisions of these building codes has been the subject of quite a substantial amount of research work in the industrialized countries [9, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Envelope Thermal Design Optimization in Lowly Industrialized Countries of the Warm Climatic Zone
Lowly industrialized countries form the bulk of the countries located in the warm climatic zone. In stark contrast with the industrialized countries, here, the environmental awareness and building energy consumption remain relatively low [26] . The weaker economic structures mean that the building users' expectations of their indoor environments may not be as high as those in the industrialized countries. Most residential buildings are free-running and the users must put up with discomfort conditions for the better part of the occupied time.
Envelope thermal design is hardly ever addressed in the building standards used in most of these countries. These standards are, to a large extent, obsolete pieces of legislation which were in use during the colonial occupation of these countries, way before the impetus for proper building envelope thermal design emerged. This is true for Zimbabwe, where Chirisa [27] notes the heavy reliance of the planning practice on the outdated building standards set by the British. This also holds true for Malawi where it is reported that for purposes of guiding building construction, the urban authorities rely on rudimentary guidelines which were in use during the British colonial era [28] . Even so, much, if not all, emphasis is given to the buildings' structural safety as seen in the enforceable standards in the construction industry prepared by the Malawi Bureau of Standards [29] . Other equally more important building aspects such as thermal design and thermal comfort are hardly ever addressed at all. The same could also be said for Zambia, where the Energy Regulation Board only superficially recommends the insulation of the building envelope and the enhancement of the envelope transparency ratio for harnessing natural light [30] .
Thus despite the significant advances made in Building Science, buildings are still constructed using archaic technologies which do not have any substantial research basis, and especially in the countries' contexts.
In East Africa, there have been positive strides towards the optimization of the buildings envelope thermal designs. The United Nations through the UN-HABITAT spearheaded a project on promoting energy efficiency in buildings in East Africa including Kenya, Uganda and Rwanda with an aim to produce The Resources Efficiency and Conservation Measures (RECM) Standard which sets an energy efficiency baseline for the building envelope, systems and equipment for purposes of moderating the environmental impact of buildings [31] .
In the standard, it is noted that existing building codes and standards have limited scope on issues of resource efficiency such as energy efficiency and water efficiency, optimal use of light and natural ventilation amongst others. The standard provides for three compliance paths namely prescriptive, trade-off and performance measurement. The first two rely on specified values of building component thermal transmittance and resistance, shading amounts and window-wall ratio. The performance measurement path is simulation based and the amount of energy to be consumed by a proposed building ought not to exceed a specified value.
The scope of the standard is essentially limited to commercial buildings and large air-conditioned buildings exceeding 500 m 2 of floor area. This remotely suggests that the standard's approach holds energy efficiency in isolated pre-eminence above other equally important aspects such as building thermal comfort and life cycle costs, much to the detriment of other building users, especially the less privileged ones and ironically, are the ones who constitute the bulk of the urban population.
It is not very clear how far the East African RECM standard has been adopted in the East African nations. In Rwanda, the Utilities Regulatory Agency only provides some rudimentary tips on how the building establishments can cut on their energy consumption through amongst others, enhancing the airtightness and transparency ratio of the building envelope [32] .
In Nigeria, [33] notes that the national building code does not have any direct provision with regard to building energy use much as it emphasizes on the importance of occupants' thermal comfort. In particular reference to building envelope construction, the code does not specify any U-values for the building components.
The Global Environment Fund in partnership with the Nigerian government embarked on a project very similar to the one which was later to follow in East Africa, aimed at improving the energy efficiency of equipment used in residential and public buildings through the introduction of energy efficiency policies and measures [34] . This project did not make any reference to the building envelope construction. The project was adopted by ECOWAS and extended to three other West African countries namely Benin, Sierra Leone and Liberia. Basing on the project's objective, it is very unlikely if in the other countries the scope was extended to cover building envelope design.
In Sierra Leone, the energy policy prepares the ground work for the introduction of an energy efficiency and Conservation Act that would spell out mandatory energy management practices and building codes amongst others [35] . However, it remains to be seen how this has been followed through, especially with regard to building envelope construction.
The research body on building envelope thermal design optimization in the lowly industrialized countries remains very shallow. The sparsely available literature in this regard is credited to [36] [37] [38] [39] .
It is very clear at this point that building envelope thermal design has not inspired as much interest in the lowly industrialized countries as it has done in the industrialized ones. The issue remains elusively addressed in the building codes and there is very little research work which has been undertaken in this respect. A number of reasons could be put forward to explain the current status quo. To begin with, there seems to be very little political will to radically modernize the building regulations in many lowly industrialized countries. Most of these countries still rely on standards which predate the current body of knowledge on building thermal performance. These standards fare very well in ensuring structural integrity and safety amongst others, so much that any aspirations beyond this are regarded as luxurious and thus not worthy of priority attention in the face of other competing issues. This makes it very difficult for building control authorities to source funds which can facilitate the development of updated building codes.
Further to the above, high poverty levels could be another reason. Perez-Lombard et al. [1] attributes the rising comfort requirements in buildings in developed countries to the rising economic status of the building users. In the lowly industrialized countries, the weaker economic standing forces the building users to settle for less and thus lower their comfort requirements in buildings.
It can also be pointed out that the penetration of building science research has been very low in the lowly industrialized countries. There are very few institutions that are actively involved in building science research. Even for the few institutions, much of their efforts are only superficial and limited to theoretical approaches such that they lack the compelling confidence of robust research.
In this day and age, building thermal performance control can no longer be regarded as a luxury. There is need to raise the awareness levels on issues to do with building thermal comfort, building energy consumption and the environmental connection. The building codes need to be modernized accordingly and in this pursuit, the lowly industrialized countries could benefit a lot from regional integration for purposes of macro level benchmarking, sharing good practices and lobbying for funds. The potential for regional integration can be demonstrated by the RECM in East Africa [31] , the ARAB Union [18, 19] and the European Directive on Building energy performance [15] .
Methodology
The research study was primarily dependent on computer simulations in EnergyPlus Version 8 to replicate the typical Malawian urban residential building's thermal behaviour and then study the impacts of various envelope configurations on the thermal comfort conditions registered in the building. A total of seven building envelope features were identified including Floor Thickness (FT), Wall R-value (WR), Roof R-value (RR), Glazing Insulation (GL), Ventilation Bricks Infiltration (BI), Wall Transparency Ratio (TR) and Window Overhang (WO). These features were studied at four levels in their order of diminishing R-values.
Construction of Simulation Model
Basing on statistics regarding the size of urban households in Malawi, a building model was developed for this study to represent the typical urban residential building in Malawi as closely as possible. The model spread over a total floor area of 95.8 m 2 including two bed rooms, one living room, one shower room, one toilet and one kitchen.
The typical urban residential building in Malawi is a single family dwelling unit having an average size of about five persons with two rooms for sleeping [40] .
The Figure 2 below show the floor plan and elevations of the building model:
developed for this study to represent the typical urban residential building in Malawi as closely as possible. The model spread over a total floor area of 95.8 m 2 including two bed rooms, one living room, one shower room, one toilet and one kitchen. The typical urban residential building in Malawi is a single family dwelling unit having an average size of about five persons with two rooms for sleeping [40] .
The Urban residential building construction uses relatively simple materials and technologies. According to the NSO [40] , the widely used construction materials are cement, unburnt bricks and iron sheets for building floors, walls and roofs respectively. Table 1 below shows the urban residential buildings' construction materials by proportion of the urban residential building stock. For purposes of this study, the typical urban residential building is made of mass concrete floor slabs with a thickness of 150 mm. The Walls are made of burnt bricks. Typically, the walls are solid with thicknesses of 230 mm and 115 mm for external and internal walls respectively. A 13 mm layer of sand and cement plaster is applied on the internal side of the walls. The walls are punctuated with glazed steel framed windows. Three-millimetre clear glass is used for the glazing. Two air bricks of size 215 mm × 140 mm are fixed above every window on the opposite top ends. Ceilings are made of Nulite ceiling boards. The roofs, which are mostly either gable or hipped, are made of a timber framework and covered with Iron Sheets having 0.3 mm thickness and pitches ranging from 7°-45°.
Despite the fact that unburnt bricks feature prominently in urban residential building construction, this study's characterization of a typical residential building opts for burnt bricks on account of their superior structural capabilities. Table 2 below shows the thermal properties of the materials. Table 2 . Thermal properties of Malawian urban residential buildings' construction materials. Source: Szokolay [7] .
Conductivity Density
Specific Heat Capacity Urban residential building construction uses relatively simple materials and technologies. According to the NSO [40] , the widely used construction materials are cement, unburnt bricks and iron sheets for building floors, walls and roofs respectively. Table 1 below shows the urban residential buildings' construction materials by proportion of the urban residential building stock. For purposes of this study, the typical urban residential building is made of mass concrete floor slabs with a thickness of 150 mm. The Walls are made of burnt bricks. Typically, the walls are solid with thicknesses of 230 mm and 115 mm for external and internal walls respectively. A 13 mm layer of sand and cement plaster is applied on the internal side of the walls. The walls are punctuated with glazed steel framed windows. Three-millimetre clear glass is used for the glazing. Two air bricks of size 215 mmˆ140 mm are fixed above every window on the opposite top ends. Ceilings are made of Nulite ceiling boards. The roofs, which are mostly either gable or hipped, are made of a timber framework and covered with Iron Sheets having 0.3 mm thickness and pitches ranging from 7˝-45˝. Despite the fact that unburnt bricks feature prominently in urban residential building construction, this study's characterization of a typical residential building opts for burnt bricks on account of their superior structural capabilities. Table 2 below shows the thermal properties of the materials. A total of seven envelope features were systematically manipulated and the impacts on the thermal performance of the buildings observed. These features included Floor Thickness, Wall R-value, Roof R-value, Window Glazing Insulation, Air Infiltration through air bricks, Wall Transparency Ratio and Window Overhang depth.
During the systematic manipulation, four levels of each of the envelope design features were studied to understand their impact on the thermal comfort conditions registered in the building models. Table 3 below shows the envelope design features and their values at each of their levels of study. 
Simulation Procedures
The urban residential building under consideration in this study is a naturally ventilated building. There was not going to be any use of mechanical equipment to control the indoor thermal environment. For this reason, in the simulation control, it was expressly specified that the simulation runs were to only cater for the weather file run periods. The other calculations such as zone sizing, system sizing, plant sizing and sizing periods were not going to be necessary.
The building model was developed in the context of an urban environment. In EnergyPlus, its terrain was thus classified as being in the City.
EnergyPlus requires the input of the geographical location of the model before a simulation can run. Ideally, this study's models' location should have been specified as being in Malawi seeing that it is grounded in that context. However, presently, there does not exist a geographical location accompanied with an EnergyPlus readable weather file from any Malawian City. Alternatively, a closer location to Malawi was then identified, one whose climatic design data is not very different from that of Malawian urban areas. This location is Harare City in Zimbabwe.
Zimbabwe is located along longitude 20˝00 1 S and latitude 30˝00 1 E. Malawi on the other hand is located along longitude 13˝30 1 S and latitude 34˝00 1 E. Figure 3 shows the geographical location of Zimbabwe in relation to Malawi. Malawi has a sub-tropical climate characterised by a warm-wet season stretching from November to April. A relatively cold, dry season spans across May and August with temperatures falling to between 4˝C and 10˝C. A hot season stretches from September to October with average temperatures scaling up to 37˝C [42] .
The climatic conditions in Zimbabwe are very similar to those of Malawi owing to the two countries' geographical location. The ASHRAE Handbook [43] provides the consolidated climatic design information for Zimbabwe as shown in the Tables 4-6 A comparison of mean monthly temperatures for Harare City in Zimbabwe and the three Malawian Cities of Mzuzu, Lilongwe and Blantyre shows of the similarity in these countries' climatic conditions as presented in Figure 4 below. It can be seen from the figure that the temperatures of Mzuzu and Lilongwe Cities are very close to those of Harare City in Zimbabwe. A statistical validation exercise later on in the study proved the applicability of the Harare EnergyPlus weather file for use in relation to the Malawian Cities of Mzuzu and Lilongwe.
The simulation was run across the year from 1 January through to 31 December. In the schedule types and limits, five data types were used namely occupancy, occupant activity level, availability of facilities, temperature and finally, humidity.
The Malawi National Statistics Office [40] reports that the average household size in Malawi is 5. Basing on the household size, this study makes some key assumptions that such a household comprises of two spouses and three dependents, both the spouses belong to the working class, the three dependents are all school-attending individuals and that the entire household goes to worship on Sundays.
In Malawi, a typical working day spans across 8 h, from 08:00-17:00 or 7:30-16:30, with a break at midday. School starts at 7:30 and runs up to 15:00. Thus, during the week, the building occupancy is intermittent. Weekends are mostly for resting at home. However, many households spend the entire Saturday or Sunday mornings at places of worship. Worship services usually run from 08:00 -12:00.
The occupant activity levels were obtained from ASHRAE [44] . The activity levels that were used in this study are shown in the Table 7 below: It can be seen from the figure that the temperatures of Mzuzu and Lilongwe Cities are very close to those of Harare City in Zimbabwe. A statistical validation exercise later on in the study proved the applicability of the Harare EnergyPlus weather file for use in relation to the Malawian Cities of Mzuzu and Lilongwe.
The occupant activity levels were obtained from ASHRAE [44] . The activity levels that were used in this study are shown in the Table 7 below: Compact schedules were used to describe the operation of each of the key elements in the building model including the intermittency in occupancy, occupant activity levels, equipment use, operation of window openings, lighting requirements and several other dynamics.
Choice of the model materials was based on the data gathered about the typical residential building construction in Malawi. A number of materials were used in the variations of the typical residential building model including burnt Bricks, Sand and Cement Plaster, Iron sheets, Concrete, Nulite ceiling boards, Cement Screed and others. These materials had to be changed with varying model construction requirements.
A total of seven thermal zones were created in the typical urban residential building model. They included Living Room, Bedroom 1 and 2, Kitchen, Passage, Shower and Toilet. Compact schedules were used to describe the operation of each of the key elements in the building model including the intermittency in occupancy, occupant activity levels, equipment use, operation of window openings, lighting requirements and several other dynamics.
A total of seven thermal zones were created in the typical urban residential building model. They included Living Room, Bedroom 1 and 2, Kitchen, Passage, Shower and Toilet. Figure 5 below shows these thermal zones. The green colour indicates internal boundary conditions and the blue indicates external boundary conditions.
For purposes of ensuring ease of management of the simulation environment and enhancing accuracy of results, this study zeroed in on a singly zoned model. This model had one thermal zone, the living room, which was extracted from the full model of the typical residential building. The singly zoned model is shown in Figure 6 below: The green colour indicates internal boundary conditions and the blue indicates external boundary conditions.
For purposes of ensuring ease of management of the simulation environment and enhancing accuracy of results, this study zeroed in on a singly zoned model. This model had one thermal zone, the living room, which was extracted from the full model of the typical residential building. The singly zoned model is shown in Figure 6 below:
Compact schedules were used to describe the operation of each of the key elements in the building model including the intermittency in occupancy, occupant activity levels, equipment use, operation of window openings, lighting requirements and several other dynamics.
For purposes of ensuring ease of management of the simulation environment and enhancing accuracy of results, this study zeroed in on a singly zoned model. This model had one thermal zone, the living room, which was extracted from the full model of the typical residential building. The singly zoned model is shown in Figure 6 below: Seeing that it was a singly zoned model, all its walls took on external boundary conditions unlike the case in the full model.
However, for purposes of validating the simulation results, it was the full model that was used. This was done so as to replicate the thermal conditions in the typical residential building as closely as possible.
The internal gains in the thermal zones were attributed to the building occupants, lights and electric equipment. This model catered for a family of 4. Each room had a compact fluorescent lamp. The kitchen had an electric cooking stove, a microwave and a refrigerator. The living room had a TV screen and a mini hi-fi. The internal gains can be summarized as shown in the Table 8 below: Using the Zone Air Flow model, it was possible to specify the various amounts of infiltration and natural ventilation flow rates through the air bricks and windows. For purposes of this study, the air flow through the air bricks was considered as infiltration. This was because the air bricks' operational surface areas were very small in comparison to those of the windows such that it was only appropriate to consider them together with unintended openings in the building envelope through which infiltration primarily occurs. According to ASHRAE [44] the flow rate of air forced through ventilation inlet openings by wind is given by the following expression:
where: Q = Air Flow rate in m 3¨s´1 , C v = Effectiveness of opening, assumed to be 0.5 to 0.6 for perpendicular winds and 0.25 to 0.35 for diagonal winds, A = Free Area of inlet in m 2 , U = Wind Speed in m¨s´1.
Experimental Validation of Simulation Model
The simulation model was experimentally validated to check its appropriateness to the climatic design conditions prevalent in Malawi. To do this, hourly temperatures were recorded from typical residential buildings selected in the three major cities in Malawi namely Mzuzu, Lilongwe and Blantyre with Köppen-Geiger climate classifications of Csb, Csa and Cwa respectively.
The recorded results were then compared to the simulated results. The ASHRAE Handbook [44] , provides statistical tools for evaluating the accuracy of Indoor Air Quality predictions such that the correlation coefficient, r, of predictions and measurements should be 0.9 or greater.
In each of the three cities, an urban residential building with a characterization similar to the study's model as described in Section 3.1, was identified. Fundamentally, the selected buildings shared four similar aspects with the study's building model namely the envelope construction details including the element composition and materials, the occupant family size and occupancy intermittency, internal loading factors and finally, the location within the urban fabric. It is important to note that these buildings were strictly naturally ventilated.
Data loggers were then placed in four different thermal zones within the residential buildings including the Living Room, two Bedrooms, and the Kitchen. The Data loggers were placed in a generally central location within the thermal zones on raised platforms above the floor and away from direct solar insolation. These Data loggers possessed an ability to measure and store up to 32,000 temperature readings. Their temperature measurement range was´35˝C~80˝C, with an accuracy of˘0.3˝C, a resolution of 0.1˝C and a negligible long term drift.
For purposes of the validation exercise, this study was only interested in the ambient temperatures during the course of the day over a period of 15 h from 05:00 to 20:00.
The data collected from each City was then compared to the simulation results obtained for a corresponding day in EnergyPlus simulations using the model and simulation procedures described in Section 3.2. According to ASHRAE, such simulation results can only be valid if the correlation coefficient, r, is equal to or greater than 0.9.
Owing to the resource constraints, the validation exercise was only limited to readings obtained from a single zone, the Living Room zone. A more elaborate validation exercise encompassing all the readings from all the building zones may provide the subject for further research. Nonetheless, it can be said that a validation of readings from a single zone alone can inspire confidence in the results. Several studies in the past have used a single zone only for validation of results [24, [45] [46] [47] .
The correlation coefficients of results for the three cities show that the simulation model is valid for the two cities of Mzuzu and Lilongwe while that for Blantyre fails to pass the validation test. Table 9 shows the validation results. The failure of the Blantyre City results in the validation test derives from the notable differences that exist in the climatic conditions between the City and Harare City in Zimbabwe, whose weather file was adopted for use in the simulation process. Figure 4 provided insight into this discrepancy.
Optimization Methodology
A comprehensive review of the literature showed that there are three methods that have been widely employed in building thermal design optimization research. They include Fuzzy Sets [46] , Algorithms [48, 49] and Orthogonal Arrays [47, 50] .
The present study adopted the optimization method used by [47, 50] involving the use of orthogonal arrays, statistical analyses and the listing method. This optimization method was chosen on account of its affordable computational requirement as opposed to the other methodologies which despite having higher efficiencies, come with a very high computational cost.
Orthogonal arrays provide a method for designing experiments to investigate how different parameters affect the mean and variance of a process performance characteristic that defines how well the process is functioning [51] . The flow of work when using orthogonal arrays is presented in Figure 7 below:
The first task was to identify the building envelope features to be studied in the course of the research work and then set the levels at which they would be studied. Seven features were identified including Floor Thickness (FT), Wall R-value (WR), Roof R-value (RR), Glazing Insulation (GL), Ventilation Bricks Infiltration (BI), Wall Transparency Ratio (TR) and Window Overhang (WO). These features were studied at four levels in the order of diminishing R-values as presented in the Table 3 .
Prior to conducting a comprehensive run of simulations to determine the optimal features, it is important to study the significance of each of the parameters towards the building's thermal comfort performance. In order to do this, the first round of simulation runs is limited to only the highest and lowest values of the parameters. An understanding of the significance helps in determining the control levels at a later stage. The first task was to identify the building envelope features to be studied in the course of the research work and then set the levels at which they would be studied. Seven features were identified including Floor Thickness (FT), Wall R-value (WR), Roof R-value (RR), Glazing Insulation (GL), Ventilation Bricks Infiltration (BI), Wall Transparency Ratio (TR) and Window Overhang (WO). These features were studied at four levels in the order of diminishing R-values as presented in the Table  3 .
Prior to conducting a comprehensive run of simulations to determine the optimal features, it is important to study the significance of each of the parameters towards the building's thermal comfort performance. In order to do this, the first round of simulation runs is limited to only the highest and lowest values of the parameters. An understanding of the significance helps in determining the control levels at a later stage.
For the present study, a suitable orthogonal array was found to be the L32 array. The array was completed using the seven parameters and then simulations in EnergyPlus were conducted accordingly. The Figure A1 shows the completed L32 array.
For the purposes of this study, the optimal combination of features would be the one that yielded the least amount of discomfort hours on the building users.
Using the results from this round of simulations, an Analysis of Variance was conducted to ascertain the significance of each of the parameters and their interactions. The levels of the parameters with the least amount of registered discomfort hours were then used as the control levels for a final round of simulations where each parameter had all its four levels studied while all the others parameter values remained constrained to the control values. The combination of parameters in Case 18 registered the least amount of discomfort hours. Therefore, these values would provide the control values during the final comprehensive simulation runs.
Finally, the annual thermal behaviour registered by the optimal combination was then closely analysed to see if there could be any further improvements to it.
Analysis of Variance
The results from the first round of simulations at the highest and lowest levels were subjected to an Analysis of Variance (ANOVA). The analysis showed that of the parameters that were studied, the air infiltration through the ventilation bricks constituted the most significant parameter registering a variance ratio of 526.36. The analysis of results for the all the parameters are presented in the Table 10 below. For the present study, a suitable orthogonal array was found to be the L32 array. The array was completed using the seven parameters and then simulations in EnergyPlus were conducted accordingly. The Figure A1 shows the completed L32 array.
The results from the first round of simulations at the highest and lowest levels were subjected to an Analysis of Variance (ANOVA). The analysis showed that of the parameters that were studied, the air infiltration through the ventilation bricks constituted the most significant parameter registering a variance ratio of 526.36. The analysis of results for the all the parameters are presented in the Table 10 below. A summary of the discomfort hours registered at each of the two levels of the seven parameters is provided in Table 11 below. The parameter levels registering the minimum amount of discomfort hours were then adopted as control levels for the next round of simulations which were planned using the listing method. These levels can be seen where the discomfort hours are in bold face in the table above. Using the listing method, the next round of simulations was then planned as presented in the Table 12 below. The simulation results showed that the combination of features in Case 5 yielded the least amount of discomfort hours. For the purpose of this study, this combination would be the optimal set of envelope design features. This combination was singled out and then closely analysed to examine any potential for further development which could yield even lesser discomfort hours.
Results and Analysis
The study was particularly interested in two sets of data namely the monthly mean zonal temperatures and the total annual zonal discomfort hours. This section provides an analysis of each of the 22 simulation cases which were planned using the listing method.
Monthly Mean Zonal Temperature
Each zone in the building model is characterized by different thermal environmental conditions depending on a number of parameters including the building envelope configuration and composition and the zonal thermal loads. The EnergyPlus simulation engine works out the monthly mean temperatures for each of the building model zones. For purposes of thermal comfort research, it is very important to understand the impact of varying envelope compositions on the indoor temperature values.
Annual Zonal Discomfort Hours
This set of data provides the sum of hours during which building occupants report discomfort with the internal environment. During this time, the internal thermal environment falls short of the adaptive comfort acceptability requirements as set by ASHRAE Standard 55 [52] . The ASHRAE Standard 55 defines thermal comfort as a condition of mind which expresses satisfaction with the thermal environment being dependent primarily on six factors namely metabolic rate, clothing insulation, air temperature, radiant temperature, air speed and humidity.
This study aimed at optimizing the building envelope composition to achieve lower annual discomfort hours.
Impact of Varying Floor Thickness
Cases 2, 3 and 4 model the impact of varying the floor thickness between 300 mm, 150 mm and 75 mm respectively. In all of these instances, the floor material is mass concrete which is in contact with the ground. The envelope configuration for these cases is provided in Figure A2 .
The simulation results show that Case 4 having a floor thickness of 75 mm registers the lowest monthly mean zonal temperatures and the least amount of discomfort hours while Case 2 registers the highest values of all the three model variations as presented in Figure 8 below: Cases 2, 3 and 4 model the impact of varying the floor thickness between 300 mm, 150 mm and 75 mm respectively. In all of these instances, the floor material is mass concrete which is in contact with the ground. The envelope configuration for these cases is provided in Figure A2 .
The simulation results show that Case 4 having a floor thickness of 75 mm registers the lowest monthly mean zonal temperatures and the least amount of discomfort hours while Case 2 registers the highest values of all the three model variations as presented in Figure 8 The results seem to suggest that the substantial thermal mass of the concrete floor in Case 2 works to the disadvantage of the building's thermal performance. For the most part of the year, the ground is at a lower temperature than the building's indoor space, hovering at about 18 °C. This means that there exists a temperature gradient towards the ground.
As outdoor temperatures begin to drop in March with the onset of the winter season, it can be seen that Case 4 begins to register markedly lower indoor temperatures than the other two Cases. This can be attributed to its lower thermal mass which renders it very susceptible to temperature variations between the indoor space and the ground. Around this time, as the indoor environment remains warmer than the ground, Case 4 readily loses much of the indoor heat to the ground. On the other hand, Cases 2 and 3 on account of their substantial thermal mass, can only lose this heat very slowly.
Between the months of May and August, the indoor temperatures for all the Cases remain almost constantly the same. This period is the height of the winter season. The indoor temperatures are so The results seem to suggest that the substantial thermal mass of the concrete floor in Case 2 works to the disadvantage of the building's thermal performance. For the most part of the year, the ground is at a lower temperature than the building's indoor space, hovering at about 18˝C. This means that there exists a temperature gradient towards the ground.
Between the months of May and August, the indoor temperatures for all the Cases remain almost constantly the same. This period is the height of the winter season. The indoor temperatures are so low that they are almost in equilibrium with the ground temperature thus effectively levelling out the temperature gradient.
Between August and March, the temperature gradient develops yet again and the thermal mass effect continues to characterize Case 4 with the lower indoor temperatures.
In Malawi where the winter season is only brief, lower indoor temperatures are almost synonymous with comfort conditions. This explains the diminishing discomfort hours in the periods around the winter season. At the height of the winter season however, the lower temperatures are perceived as being too cold and thus uncomfortable.
In general, Case 4 registers the least amount of discomfort hours because it maintains lower temperatures for much of the warmer time during the year.
Impact of Varying Wall R-Value
The impact of varying the wall R-value is modelled in Cases 5, 6 and 7 where different envelope material combinations yield different insulation capacities. The envelope of Case 5 is made of a double brick wall with external EPS insulation. Case 6 is fitted with a single brick wall envelope and Case 7 has a concrete wall. The construction details of these envelopes are presented in Figure A3 .
Results from the simulations show that Case 5 generally registers the lowest mean zonal temperatures during the warmer months and highest temperatures during the colder months as shown in Figure 9 below:
Results from the simulations show that Case 5 generally registers the lowest mean zonal temperatures during the warmer months and highest temperatures during the colder months as shown in Figure 9 below: The EPS insulation and higher thermal mass prevent the passage of heat into the indoor environment during the warmer periods. In winter, when the outdoor environment is warmer during the day time and colder during night time, this works to prevent both the passage of outdoor heat into the indoor space and the escape of indoor generated heat towards the outdoor environment. This explains the lowest discomfort hours for the summer periods, which ironically peak above those of the other two Cases in winter as shown in Figure 10 below: The EPS insulation and higher thermal mass prevent the passage of heat into the indoor environment during the warmer periods. In winter, when the outdoor environment is warmer during the day time and colder during night time, this works to prevent both the passage of outdoor heat into the indoor space and the escape of indoor generated heat towards the outdoor environment. This explains the lowest discomfort hours for the summer periods, which ironically peak above those of the other two Cases in winter as shown in Figure 10 During the daytime, the outdoor temperature rises above the indoor temperature and thus a temperature gradient exists towards the indoor environment. A comparison of the indoor and outdoor temperatures is shown in Figure 11 below: During the daytime, the outdoor temperature rises above the indoor temperature and thus a temperature gradient exists towards the indoor environment. A comparison of the indoor and outdoor temperatures is shown in Figure 11 below: Figure 11 below: However, the insulation and high thermal mass in Case 5 ensures that no such gradient exists. Consequently, as the other Cases warm up as a result of this temperature gradient, Case 5 continues to remain colder than the outdoor environment and registers higher discomfort hours, relying only on the heat generated indoors, which during night time, it prevents from escaping outwards, a thing which might cumulatively explain the higher mean temperatures for this Case. This internally generated heat is not sufficient to moderate the discomfort hours in Case 5 during the winter season.
On the other hand, much as the day time constitutes a smaller fraction of the total occupied time, the other cases make good use of the day time warmer outdoor environmental conditions to moderate their discomfort hours.
Impact of Varying Roof R-Value
Cases 8, 9 and 10 model the variation on the roof R-value. In Case 8, the roof is made of metal sheets insulated by internal EPS. The roof envelope of Case 9 is made of 150 mm thick concrete slab. Case 10 uses corrugated fibrous cement for the roof. The schematic drawings for these Cases are provided in Figure A4 .
The monthly mean zonal temperatures registered in the three Cases are shown in Figure 12 below. However, the insulation and high thermal mass in Case 5 ensures that no such gradient exists. Consequently, as the other Cases warm up as a result of this temperature gradient, Case 5 continues to remain colder than the outdoor environment and registers higher discomfort hours, relying only on the heat generated indoors, which during night time, it prevents from escaping outwards, a thing which might cumulatively explain the higher mean temperatures for this Case. This internally generated heat is not sufficient to moderate the discomfort hours in Case 5 during the winter season.
The monthly mean zonal temperatures registered in the three Cases are shown in Figure 12 below. It can be seen from the figure that these model envelope configurations are only capable of marginal impacts on the zonal temperatures overtime. However, Case 9 registers some slightly higher temperatures during the winter months. The lack of insulation enables this Case to warm up during the day time when the outdoor temperatures are higher. Nonetheless, this Case registers the highest discomfort hours over the same winter period as shown in Figure 13 below: It can be seen from the figure that these model envelope configurations are only capable of marginal impacts on the zonal temperatures overtime. However, Case 9 registers some slightly higher temperatures during the winter months. The lack of insulation enables this Case to warm up during the day time when the outdoor temperatures are higher. Nonetheless, this Case registers the highest discomfort hours over the same winter period as shown in Figure 13 below: The lack of insulation in this Case means that the roof loses much of the internally generated heat during night time when the outdoor temperature falls. Unfortunately, night time is the longest occupied time for this present study, such that the daytime warming up effect does very little to moderate the amount of the discomfort hours. However, generally speaking, this Case registers slightly lower summer temperatures courtesy of its lack of insulation which ensures that much of the indoor heat escapes into the outdoor environment.
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Impact of Varying Glazing Insulation
A variation in window glazing insulation is modelled in Cases 11, 12 and 13 which use triple glazing, double glazing and single glazing respectively.
There are very marginal variations in the thermal performance registered by these models as shown in Figure 14 However, Case 11 registers slightly lower monthly mean zonal temperatures during the warmer periods and slightly higher discomfort hours during the winter period. This can be attributed to the insulation effect accorded by the triple glazing. This effect is similar to that accorded in the Cases 5, 8 and 10. However, Case 11 registers slightly lower monthly mean zonal temperatures during the warmer periods and slightly higher discomfort hours during the winter period. This can be attributed to the insulation effect accorded by the triple glazing. This effect is similar to that accorded in the Cases 5, 8 and 10.
Impact of Varying Infiltration Rates
The statistical Analysis of Variance from the first simulation results showed that air infiltration through the air bricks constituted the most significant feature of all the seven features having the most substantial contribution to the buildings thermal performance.
During the comprehensive second round of simulation runs planned by the listing method, the air infiltration rates are varied between 0 m 3¨s´1 , 0.0601 m 3¨s´1 and 0.1204 m 3¨s´1 in Cases 14, 15 and 16 respectively. In Case 14, the model's envelope does not have any air bricks fitted. The infiltration occurs only through the envelope's cracks and any other such unintended openings. Case 15 has four air bricks positioned above and below all window openings. These air bricks are typically sized being 215 mmˆ140 mm. Case 16 also has four air bricks above and below every window opening, but these are much larger than is typically the case being 430 mmˆ140 mm. The envelope configuration for these Cases is provided in Figure A5 .
The simulation results show very distinct differences in the models' thermal performance. Case 14 registers the highest monthly mean zonal temperatures followed by Case 15,  The limited air infiltration in Case 14 means that the model cannot fully benefit from the diurnal temperature variations between the indoor environment and the outdoor environment. These temperature variations are responsible for alternating high and low air pressure zones between the enclosed space and the outside air, ultimately leading to air flows between these two areas.
In summer, when the indoor environment gets warmer than the outside air, a low pressure zone develops which eventually draws in outside air. As the warmer air leaves the indoor space, it takes away some heat with it thereby lowering the air temperatures inside. A limitation on the air infiltration into the building space thus effectively contributes to higher indoor temperatures.
The higher indoor temperatures result into more discomfort hours for Case 14 during the warmer months as shown in Figure 16 below: The limited air infiltration in Case 14 means that the model cannot fully benefit from the diurnal temperature variations between the indoor environment and the outdoor environment. These temperature variations are responsible for alternating high and low air pressure zones between the enclosed space and the outside air, ultimately leading to air flows between these two areas.
The higher indoor temperatures result into more discomfort hours for Case 14 during the warmer months as shown in Figure 16 below: develops which eventually draws in outside air. As the warmer air leaves the indoor space, it takes away some heat with it thereby lowering the air temperatures inside. A limitation on the air infiltration into the building space thus effectively contributes to higher indoor temperatures.
The higher indoor temperatures result into more discomfort hours for Case 14 during the warmer months as shown in Figure 16 below: However, the level of discomfort is not markedly different from that of the other Cases, especially during the warm humid months in the rainy season between November and March. This can be attributed to the higher humidity levels in the outside air. When this humid air is freely allowed into the indoor environment, it may raise the indoor air humidity to uncomfortably high values.
During the winter period, much as the building occupants would need warmer conditions, the indoor temperatures for Case 14 remain highest but still, the environment registers the highest discomfort hours. Case 14 presents an overly insulated environment whereby most of the indoor heat remains trapped inside and thus raising the temperatures to uncomfortable levels.
The peak in discomfort hours for Case 16 during the winter period could be an indication that the higher infiltration rate continuously brings huge volumes of outdoor cold air into the indoor space a thing which continuously lowers the temperatures much to the rising discomfort of the occupants. However, the level of discomfort is not markedly different from that of the other Cases, especially during the warm humid months in the rainy season between November and March. This can be attributed to the higher humidity levels in the outside air. When this humid air is freely allowed into the indoor environment, it may raise the indoor air humidity to uncomfortably high values.
Impact of Varying Wall Transparency Ratio
The peak in discomfort hours for Case 16 during the winter period could be an indication that the higher infiltration rate continuously brings huge volumes of outdoor cold air into the indoor space a thing which continuously lowers the temperatures much to the rising discomfort of the occupants.
The impact of varying wall transparency ratio is modelled in Cases 17, 18 and 19 where the models' transparency ratios are 15%, 25% and 35% respectively.
The results reveal a very marginal zonal temperature variation for the models as presented in Figure 17 below:
The results reveal a very marginal zonal temperature variation for the models as presented in Figure 17 below: Between the winter months of May and August, Case 17 registers slightly higher temperatures than Cases 17 and 18. This can be attributed to two factors namely the limited ventilation flow rate when the windows are opened and the limited heat flux density through the glazing when the windows are closed.
At a transparency ratio of 15%, Case 17 has the smallest window area and thus consequently, the smallest natural ventilation flow rate when the windows are opened. The smaller glazing area Between the winter months of May and August, Case 17 registers slightly higher temperatures than Cases 17 and 18. This can be attributed to two factors namely the limited ventilation flow rate when the windows are opened and the limited heat flux density through the glazing when the windows are closed.
At a transparency ratio of 15%, Case 17 has the smallest window area and thus consequently, the smallest natural ventilation flow rate when the windows are opened. The smaller glazing area results into a reduction in the total heat flux density through the window. Much as glazing has a relatively higher R-value than the opaque components of the building, the latter have substantial thermal mass such that in the presence of temperature gradients, heat will always pass much quickly through the glazing. A larger glazing area would thus mean higher heat flux densities. In winter, these two factors jointly trap indoor heat within the enclosed space leading to the higher temperatures. In summer, the outdoor heat is largely prevented from reaching the indoor space.
The winter entrapment of indoor heat seems to be so severe that the indoor temperatures rise to uncomfortable levels while the summer limitation of the outdoor heat from reaching the indoor environment helps to moderate the discomfort hours in Case 17. The Figure 18 below shows the variation of the discomfort hours across the year. Between the winter months of May and August, Case 17 registers slightly higher temperatures than Cases 17 and 18. This can be attributed to two factors namely the limited ventilation flow rate when the windows are opened and the limited heat flux density through the glazing when the windows are closed.
The winter entrapment of indoor heat seems to be so severe that the indoor temperatures rise to uncomfortable levels while the summer limitation of the outdoor heat from reaching the indoor environment helps to moderate the discomfort hours in Case 17. The Figure 18 below shows the variation of the discomfort hours across the year. 
Impact of Varying Window Overhang Depth
Cases 20, 21 and 22 were used to model the impact of changing the depth of the window overhang on the building's thermal performance.
The results confirm the ANOVA results that this parameter's contribution to the thermal performance is very small. There is hardly any marked variation in the zonal temperatures and discomfort hours registered by these Cases as shown in Figure 19 below: Cases 20, 21 and 22 were used to model the impact of changing the depth of the window overhang on the building's thermal performance.
The results confirm the ANOVA results that this parameter's contribution to the thermal performance is very small. There is hardly any marked variation in the zonal temperatures and discomfort hours registered by these Cases as shown in Figure 19 
Optimal Model Performance
According to results from the simulation runs planned by the listing method, Case 5 emerged with the least amount of discomfort hours and thus qualified as the optimal Case. The study sought to closely examine this Case's thermal behaviour in the hope of further improving it. The Figure 20 below shows the zonal temperature variations across the year for this Case. 
According to results from the simulation runs planned by the listing method, Case 5 emerged with the least amount of discomfort hours and thus qualified as the optimal Case. The study sought to closely examine this Case's thermal behaviour in the hope of further improving it. The Figure 20 below shows the zonal temperature variations across the year for this Case.
performance is very small. There is hardly any marked variation in the zonal temperatures and discomfort hours registered by these Cases as shown in Figure 19 
According to results from the simulation runs planned by the listing method, Case 5 emerged with the least amount of discomfort hours and thus qualified as the optimal Case. The study sought to closely examine this Case's thermal behaviour in the hope of further improving it. The Figure 20 below shows the zonal temperature variations across the year for this Case. In a fashion typical of all the other Cases, the temperature variation follows the seasonal changes across the year. During the winter period, the model temperatures fall and pick up again during the warmer months between September and March.
The temperature variations have a significant impact on the discomfort hours registered in the model as shown in Figure 20 above.
As the outdoor temperatures begin to fall around March, the indoor environment begins to register similar falls with reciprocal drops in discomfort hours which only last until April before beginning to rise again around May, peaking in July at the height of winter.
Case 5 has the largest air bricks' surface area and thus the largest air infiltration volumetric flow rate at 0.2408 m 3¨s´1 . The bigger infiltration rate means that during the winter period, Case 5 continues to draw huge volumes of cold air into the indoor environment much to the discomfort of the occupants. However, this volumetric flow rate is seen to be helpful in summer for purposes of enhancing the comfort levels.
At this point, an attempt was made at modifying the infiltration flow rate for Case 5 so as to minimize it but maintain it above 0 m 3¨s´1 . The new infiltration rate was adopted from the upper lower infiltration value in the range of the study parameters (See Table 3 ).
For the duration of the period between May and August, the air infiltration flow rate would have to be minimized to 0.0601 m 3¨s´1 . The full infiltration rate would have to be maintained for the rest of the year. This dynamism in the infiltration rates would be made possible through the use of operable air bricks whose operational surface area would be adaptable to manipulation.
The simulation results from the modified Case 5 show substantial improvements in the thermal performance of the Case as shown in Figure 21 below. In a fashion typical of all the other Cases, the temperature variation follows the seasonal changes across the year. During the winter period, the model temperatures fall and pick up again during the warmer months between September and March.
Case 5 has the largest air bricks' surface area and thus the largest air infiltration volumetric flow rate at 0.2408 m 3 •s −1 . The bigger infiltration rate means that during the winter period, Case 5 continues to draw huge volumes of cold air into the indoor environment much to the discomfort of the occupants. However, this volumetric flow rate is seen to be helpful in summer for purposes of enhancing the comfort levels.
At this point, an attempt was made at modifying the infiltration flow rate for Case 5 so as to minimize it but maintain it above 0 m 3 •s −1 . The new infiltration rate was adopted from the upper lower infiltration value in the range of the study parameters (See Table 3 ).
For the duration of the period between May and August, the air infiltration flow rate would have to be minimized to 0.0601 m 3 •s −1 . The full infiltration rate would have to be maintained for the rest of the year. This dynamism in the infiltration rates would be made possible through the use of operable air bricks whose operational surface area would be adaptable to manipulation.
The simulation results from the modified Case 5 show substantial improvements in the thermal performance of the Case as shown in Figure 21 below. The temperature variation is only marginally different from that of the original Case 5. However, the register of discomfort hours is clearly different. During the winter period, the discomfort hours registered in the modified Case 5 are about 6% lower than those in the original Case 5. These discomfort hours are cumulatively about 18% lower than those registered in the present typical residential building in Malawi. The modified Case 5 now becomes the final optimal case.
Conclusions
The study concludes that the optimal envelope thermal design configuration for residential buildings in Malawi is the one as presented in the modified Case 5. The floor in this building's envelope is made of a relatively thin concrete slab of 50 mm. The walls are 230 mm thick and made of burnt bricks which are externally insulated with a layer of 19 mm thick EPS. The roof is covered with tiles which are internally insulated with a layer of sarking and 50 mm thick EPS. The windows use double low-e glazing and the wall transparency ratio is at 45%. The air bricks' operational surface area at 0.2408 m 2 , is such that they encourage maximum air infiltration in summer and then adaptively limit it during winter. The optimal building envelope has been shown to achieve a significantly better thermal performance than the present typical residential building envelope, registering occupant discomfort hours up to 18% lower than the latter.
A statistical comparative analysis of the seven envelope features that were studied shows that air infiltration has the most significant contribution towards the ultimate residential building thermal performance. Uncontrolled infiltration rates however, were seen to have an adverse effect during the winter period. The study demonstrated that controlled air infiltration through the use of operable air bricks whose operational surface area is adaptable to manipulation can be very effective in enhancing the building's comfort levels.
It was observed that excessive insulation of the building envelope generally has a detrimental effect on the indoor space comfort levels. Model cases which aimed at the maximization of the envelope's R-value yielded the highest discomfort hours. Nonetheless, a moderated use of insulation has been demonstrated to be very beneficial as seen in the final optimal case.
The study shows that building envelope thermal design has not inspired as much interest in the lowly industrialized countries as it has done in the industrialized ones. The issue remains elusively addressed in building codes and there is very little research work which has been undertaken in this respect. Most of these lowly industrialized countries are located in tropical climatic zones where the study has revealed that passive design alone can only guarantee a very limited improvement in the residential buildings indoor space comfort levels.
There is need to raise the awareness levels on issues to do with building thermal comfort, building energy consumption and the environmental connection. The building codes need to be modernized accordingly. There may also be a need to widen access to sustainable active thermal environment control systems.
In future, further research work could focus on the optimal amounts of envelope insulation, infiltration flow rates and the positioning of air bricks in the context of the tropical climatic conditions prevalent in Malawi and other lowly industrialized countries. 
